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E-mail address: carlos.cassanello@anu.edu.au (C.REdwards and Badcock (Vision Research 35, 2589, 1995) argued for independent ﬁrst-order (FO) and sec-
ond-order (SO) motion systems up to and including the global-motion level. That study used luminance
(which they called FO) and contrast (SO) modulated dots. They found that SO noise dots did not mask
signal extraction with luminance increment dots while luminance increment dots did mask SO signal
extraction. However, they argued this asymmetry was not due to a combined FO–SO pathway, but rather
due to the fact that the luminance-modulated dots, being also local variations in contrast, are both FO and
SO stimuli. We test their claim of FO and SO independence by using a stimulus that can generate pure FO
and SO signals, speciﬁcally one consisting of multiple Gabors (the global-Gabor stimulus) in which the
Gaussian envelopes are static and the carriers drift. The carrier can either be luminance-modulated
(FO) or contrast-modulated (SO) and motion signals from the randomly-oriented local Gabors must be
combined to detect the global-motion vector. Results show no cross-masking of FO and SO signals, thus
supporting the hypothesis of independent FO and SO systems up to and including the level extracting
optic-ﬂow.
 2010 Elsevier Ltd. All rights reserved.1. Introduction Derrington, 1985; Chubb & Sperling, 1988; Wilson, Ferrera, & Yo,Objects in the visual world can be deﬁned by variation in ﬁrst-
order (FO) properties like luminance and color and by second-order
(SO) properties such as texture and contrast (Adelson & Bergen,
1985; Cavanagh & Mather, 1989; Schoﬁeld, 2000; van Santen &
Sperling, 1985; Watson & Ahumada, 1985). Correspondingly, glo-
bal-motion perception can be driven by luminance-modulated or
contrast-modulated signals and compelling percepts of motion re-
sult from either type of signal (Badcock & Derrington, 1985;
Cavanagh & Mather, 1989; Chubb & Sperling, 1988; Derrington &
Badcock, 1985; Smith & Snowden, 1994). The motion of lumi-
nance-modulated stimuli can be extracted by locally detecting the
orientation of Fourier energy present in the signal (Adelson &
Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada,
1985). Contrast-modulated stimuli are frequently designed so that
their motion cannot be appropriately analyzed by linear ﬁlters;mo-
tion extraction of the SO spatial patterns requires extra processing
including a non-linearity in the processing sequence (Badcock &ll rights reserved.
hology, Australian National
0200, Australia. Fax: +61 2
. Cassanello).1992; Wilson & Kim, 1994).
There has been a large amount of research aimed at characteriz-
ing how the human visual system processes these two different
types of signals (Badcock & Derrington, 1985; Chubb & Sperling,
1988; Derrington & Badcock, 1985; Edwards & Badcock, 1995;
Edwards &Metcalf, 2010; Hutchinson& Ledgeway, 2006; Ledgeway
& Smith, 1994; Lu & Sperling, 1995; Smith & Snowden, 1994).
However, it still remains a matter of debate whether the visual sys-
tem processes FO and SO signals using a single pathway with the
same neuronal hardware or whether these signals are processed
independently (Derrington, Allen, & Delicato, 2004; Johnston &
Clifford, 1995) and if it is the latter case, up to what level in the
system that independence is maintained.
There is evidence that FO and SO signals are not combined lo-
cally to produce a percept of apparent motion (Ledgeway & Smith,
1994; Nishida & Sato, 1995). Ledgeway and Smith showed that
interleaved FO and SO stimuli on successive frames could not be
integrated to extract a global-motion percept. However, concerns
have been raised with this result, with Benton, Johnston, and
McOwan (2000) suggesting a model that produced a similar out-
come using a single system that processed all temporal and spatial
gradients of the luminance ﬁeld.
Edwards and Badcock (1995) found evidence for independent
FO and SO processing at the global-motion level. They used a
C.R. Cassanello et al. / Vision Research 51 (2011) 352–361 353random walk global-motion stimulus, which consists of signal dots
(a random subset that was selected on each frame transition), that
moved in a common direction, and noise dots, that moved in ran-
dom directions (Newsome & Pare, 1988). The degree to which vi-
sual pathways interact at the global-motion level can be
established by determining whether noise dots of one type (e.g.
SO) affect the extraction of a global-motion signal carried by a sub-
group of dots of a different type (e.g. FO). If the two types of dots
are processed by independent global-motion systems, then thresh-
olds (the required number of signal dots) would not be affected,
whereas if they are processed by a common global-motion system,
then thresholds would be elevated. Note that, in using this tech-
nique, it is important to ensure that not all of the signal dots are
uniquely deﬁned relative to all of the noise dots (Edwards &
Badcock, 1994; Snowden & Edmunds, 1999), otherwise perfor-
mance can be mediated by attentional tracking following pre-
attentive segmentation (Croner & Albright, 1997, 1999; Edwards
& Badcock, 1996; Murray, Sekuler, & Bennett, 2003; Snowden &
Edmunds, 1999).
Edwards and Badcock (1995) found that the threshold for 100
luminance-modulated (which they termed FO) dots was approxi-
mately double than that for 50 luminance-modulated dots but
adding 50 contrast-modulated (SO) noise dots to 50 luminance-
modulated dots did not affect thresholds. They also found that add-
ing 50 luminance-modulated noise dots to 50 SO dots, when the
signal was carried by a subset of the SO dots, impaired perfor-
mance. Thresholds were the same as the condition containing
100 SO dots. They interpreted this set of results as being consistent
with independent FO and SO global-motion systems. The asymme-
try in the masking effects (SO noise dots not masking the process-
ing of luminance-modulated dots, but luminance-modulated noise
dots masking SO processing) was explained by observing that
while their contrast-modulated dots were a pure SO stimulus,
the luminance-modulated dots, being a local variation in both
luminance and contrast, were both a FO and a SO stimulus (this
would have been clearer if Edwards and Badcock had used the la-
bels Light-Increment (LI) and Texture-Contrast-Increment (TCI) in-
stead of FO and SO in the original study).
On the basis of this explanation the authors concluded that the
FO and SO pathways remained independent up to where transla-
tional global-motion is extracted; which was believed to be at cor-
tical area V5/MT (Baker, Hess, & Zihl, 1991; Newsome, Britten, &
Movshon, 1989; Newsome & Pare, 1988) but in humans may also
occur in areas V3/V3a (Castelo-Branco et al., 2002; Koyama et al.,
2005).
The ﬁnding of FO–SO independence has been extended to in-
clude the level at which radial optic-ﬂow signals are processed
(Badcock & Khuu, 2001), which has been linked to cortical area
MST (Morrone et al., 2000). While the interpretation of the results
by Edwards and Badcock (1995) and Badcock and Khuu (2001) is
consistent with independent FO and SO systems, their results could
also be interpreted as indicating the existence of two pathways,
one sensitive exclusively to FO signals, and a second sensitive to
both FO and SO signals. This paper speciﬁcally addressed the asym-
metry in the masking effect of LI and TCI stimuli by using a differ-
ent type of stimulus that selectively drove the FO and SO systems.
The source of uncertainty in that previous research was that the
motion of the envelope of the luminance-deﬁned dots induced a
contrast variation that moved with the dots and therefore the
luminance-deﬁned dots carried both ﬁrst- and second-order sig-
nals. Consequently, the current study used stimuli that removed
this double cue.
In the present study we used modiﬁed versions of the global-
Gabor stimulus (Amano, Edwards, Badcock, & Nishida, 2009). The
global-Gabor stimulus consists of multiple, spatially distributed
Gabor elements. The Gaussian envelope of each Gabor remainsstatic with motion being generated by drifting the (FO or SO) car-
riers. Therefore, in the current study, even with the contrast varia-
tion at the boundary of each Gabor due to the proﬁle of the
Gaussian envelope in the FO stimulus, such modulation did not
move across the visual ﬁeld. The motion signal was distributed
among randomly-oriented Gabors with drifting velocities consis-
tent with the global direction and speed to be extracted. FO carriers
were luminance-modulated gratings constructed by adding back-
ground pixelation to a sinusoidal variation in luminance. SO carri-
ers were contrast-modulated gratings generated by multiplying a
background pixelation, composed of balanced increments and
decrements, by a sinusoidal weighting function. Gabors are one-
dimensional (1D) stimuli in the sense that the direction of motion
is ambiguous for a single Gabor because the aperture problem can-
not be solved and local-motion detectors can only indicate a direc-
tion of motion that is orthogonal to the orientation of the drifting
carrier in each Gabor. It has been shown (Amano et al., 2009) that
the visual system can derive a 2D motion vector by pooling this
type of local-motion signal across space using an algorithm known
as intersection of constraints (IOC) (Adelson & Movshon, 1982;
Fennema & Thompson, 1979). This can be contrasted to the situa-
tion in which motion signals are carried by dots. With dot stimuli,
the aperture problem can be solved locally, resulting in 2D motion
signals which are pooled across space using a rule approximating
the vector average (Amano et al., 2009; Webb, Ledgeway, &
McGraw, 2007).
The current study employs the global-Gabor stimulus to re-
examine the independence of the motion processes that extract
FO and SO motion signals. Using this stimulus it is now possible
to create pure FO and SO signal elements and if the two are pro-
cessed by independent motion systems then the extraction of mo-
tion signals using one should not be affected by noise carried by
the other stimulus type. Thus the asymmetry in masking observed
when using moving dots as stimuli is not expected if the systems
are independent. The results of this test of independence will be
presented for both translational and circular global-motion to
determine whether the complexity of the motion solution impacts
on the conclusions.2. Experiment 1: no interaction of FO and SO signals in
translational global-motion extraction
The aim of the ﬁrst part of this experiment was to determine
whether SO noise had an effect on global-motion extraction from
FO local-motion signals. The procedure used was based on the
ﬁnding that as the total number of Gabors of the same kind (either
ﬁrst- or second-order) increases, the number of signal Gabors re-
quired to determine the global direction of motion also increases.
This is the same as what happens with dot stimuli (Edwards &
Badcock, 1994, 1995; Edwards, Badcock, & Smith, 1998; Williams
& Sekuler, 1984) and is broadly consistent with maintaining a con-
stant signal-to-noise ratio at threshold. The experiment had three
conditions in which the numbers of FO and SO Gabors were varied:
(i) 50 FO Gabors (50FO); (ii) 100 FO Gabors (100FO); and (iii) 50 FO
and 50 SO Gabors (50FO/50SO). In the 50FO/50SO condition (iii)
only the FO Gabors carried the global-motion signal, the SO stimuli
were always noise.
If there are separate FO and SO global-motion systems, adding
pure-noise SO Gabors should have no effect on FO global-motion
extraction, so thresholds for the 50FO and the 50FO/50SO condi-
tions should be equivalent. However, if FO and SO signals are
pooled prior to global-motion extraction, and if this single glo-
bal-motion system was equally sensitive to the FO and SO signals
used here, then the threshold for 100FO and 50FO/50SO conditions
should be similar.
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adding FO noise on SO global-motion signal extraction. The stimu-
lus used was identical to that used in the ﬁrst part except that the
roles of the two stimulus types were reversed. That is, the condi-
tions were: (i) 50 SO Gabors (50SO); (ii) 100 SO Gabors (100SO);
and (iii) 50 SO and 50 FO Gabors (50SO/50FO), with the signal car-
ried by only the SO Gabors.3. Methods
3.1. Observers
Two observers were used, one of the authors (CC) and one re-
search student (HD), who was an experienced observer but naïve
to the purpose of the experiment. A third observer (MM) was used
in a modiﬁed version of the experiment in which the speed of FO
and SO signals had been perceptually matched (see Section 7).
All observers had normal or corrected-to-normal visual acuity with
no reported history of visual disorders.
3.2. Apparatus
Stimuli were generated using a ViSaGe (Cambridge Research
Systems) driven by a host Pentium 4 computer. They were dis-
played on a Sony Triniton 20-in. monitor operating at a refresh rate
of 100 Hz with a spatial resolution of 1024  768 pixels (40 by 30
of visual angle at the 50 cm viewing distance).
3.3. Stimuli
The stimuli used in all experiments were modiﬁed versions of
the global-Gabor stimulus (Amano et al., 2009). In this study the
Gabors were adapted to display luminance- and contrast-deﬁned
drifting carriers (Fig. 1). To generate a global-motion percept, the
Gabors were arranged in random orientations but were drifted at
speeds consistent with a single global-motion IOC solution
(Adelson & Movshon, 1982; Amano et al., 2009). Gabors with
carrier drift consistent with a global vector in a different
direction were noise elements. The proportion of signal and
noise elements was varied to determine the signal proportion
required to accurately indicate the global direction of motion
in a 2AFC task.
Each stimulus consisted of 50 or 100 Gabors depending on the
experimental condition. Each Gabor was inscribed in a 64  64 pix-
el square and subtended a visual angle of 2.5. Thirty-frame motion
sequences were used with each frame being presented for 20 ms,
giving a total duration of 600 ms. Each Gabor was oriented ran-
domly in one of 18 steps chosen between 0 and 170, and had a
static background composed of a random-pixel ﬁeld with a mini-
mum scale of pixelation of 2  2 pixels (4.70 of visual angle). The
sinusoidal carrier in each Gabor drifted in a direction perpendicular
to its orientation with a speed compatible with a given global-mo-
tion velocity vector of 4/s (calculated using the IOC rule). This
speed was chosen to ensure that the stimuli would effectively drive
both the ﬁrst- and second-order systems (Ledgeway & Smith,
1994). The global-motion vectors were chosen from 16 equally
spaced directions (22.5 steps).
Two types of Gabor elements were used: FO Gabors that had a
pixelated background of light and dark pixels additively superim-
posed onto the sinusoidal luminance modulation with a contrast
of 14%; and SO Gabors with pixelated background modulated mul-
tiplicatively with a sinusoidal weighting function with a contrast of
75%.
The luminance pattern of each FO or SO Gabor was generated
using the following equation:LFO ¼ CFO  Gðl;rÞ2 : 0:95  rdot þ ðcosðkx  xþ ky  y

þ V  k  cosðior  idirÞ  t þ /ÞÞ ð1ÞLSO ¼ CSO  Gðl;rÞ2  ð1þmÞ  rdot  ð1þm  ðkx  xþ ky  y
þ V  k  cosðior  idirÞ  t þ /ÞÞ ð2Þ
to which a mean-luminance level LM was added. The parameters CFO
and CSO set the contrast to be CFO/2LM for FO and CSO/2LM for SO; m
is the modulation depth of the SO stimulus ﬁxed to be 0.8; rdot is
the pixelation of the background which can be static or dynamic;
ior is the direction of the (2D) wave vector k = (kx, ky) of the sinusoi-
dal carrier which is orthogonal to the orientation of the carrier; idir
is the direction of the global (2D) velocity vector and V its magni-
tude; / is a random initial phase. G((x0, y0), r) is the Gaussian enve-
lope of the Gabor centered at l = (x0, y0) with width controlled by r,
which was set to be 1/5 of the size of the containing square for FO
and 1/4 or 1/3 (for subject MM) of that size for SO. Under conditions
of motion the SO Gabors appear smaller, hence the difference in
widths used in the Gaussian envelopes. The Gabors were displayed
on a uniform ﬁeld that had a luminance of 37 cd/m2. The levels of
contrast used were based on equating performance in the pure FO
and SO conditions.
If the luminance increment and decrement levels in the contrast
deﬁned Gabors are correctly matched (see below), then the mean-
luminance level of those elements, at the envelope scale, is the
same as that of the inter-element space. Hence, they would not
drive the FO system, being pure SO Gabors.3.4. Balancing luminance increments and decrements
Prolonged viewing of a moving stimulus can result in a motion
aftereffect (MAE) in which a subsequently viewed object can ap-
pear to move in the opposite direction to the original motion of
the adaptor (Mather, Verstraten, & Anstis, 1998). The test stimulus
can either be a static or a randomly-moving (dynamic) stimulus.
Previous studies have shown that while adapting to FO stimuli
can result in a MAE when tested with either static or dynamic test
stimuli, SO adaptors only generate a MAE with dynamic tests
(Derrington & Badcock, 1985; Nishida, Ashida, & Sato, 1994;
Nishida & Sato, 1995). Thus, one way to ensure that the luminance
increments and decrements are correctly balanced in the SO Gabor
patches, so that they do not produce a FO luminance artifact, is to
vary their increment-to-decrement ratio in order to ﬁnd the point
at which those patches do not generate a static MAE. This was done
for all observers prior to engaging in testing. The increment-
decrement ratios that resulted in no static MAE for each observer
were used in this and subsequent experiments.
The pixelation of the carrier in each Gabor patch was generated
using the equation
rdot ¼ 1 offset
ðfloorð2randð0;1ÞÞÞ
jmax½1 offsetðfloorð2randð0;1ÞÞÞj ð3Þ
were ﬂoor(rand(0, 1)) (Matlab 7.4.0.287 R2007a) randomly takes
values 0 or 1. The denominator ensures that rdot would be between
1 and 1, setting the magnitude of the maximum increment or dec-
rement. With offset set to 2, rdot randomly takes the value of ±1 and
it is equally probable that a pixel be drawn bright or dark. Thus, the
variable offset controls the increment-to-decrement ratios. Static
MAEs were not perceived for offset between 1.9 and 2.1 so offset = 2
was used in all experiments.
Fig. 1. Snapshot of the global-Gabor stimulus used in the experiments displaying the mixed condition with 50 FO and 50 SO Gabors.
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The threshold measure in all conditions was the minimum
number of signal Gabors required to determine the global-motion
direction. Thus the extraction of a global-motion direction can be
thought of as the attainment of a required signal-to-noise ratio,
where the signal is the number of local-motion vectors compatible
with the IOC determined global-motion direction, and the noise is
the number of local-motion vectors compatible with global-motion
vectors of the same speed chosen randomly from 16 directions that
uniformly covered the full 360.
A single-interval, two-alternative forced-choice procedure was
used, in which the observer was required to indicate whether the
stimulus was moving globally rightward or leftward by pressing
the appropriate keyboard button. The conditions were presented
using a modiﬁed 3 down 1 up staircase method (Levitt, 1971;
Wetherill & Levitt, 1965). The starting stimulus was always 100%
coherent. Averages were taken over the last four of eight reversals
in which the initial step size was eight elements with subsequent
step sizes reduced after each reversal with the last four set to
one element. A total of ten staircases were used to determine each
threshold (79% correct). The experiment had six conditions divided
in two groups of three depending on whether the local-motion sig-
nals were FO or SO. Each of the three conditions in each part was
randomly presented across the testing sessions. Observers were
aware of which type of Gabor carried the motion signal. Observers
were seated in a darkened room, and a chin rest was used to re-
strain head movement. Observers ﬁxated on a central spot.
All the experimentswere conductedunder approval of the appro-
priate institutional ethics at the Australian National University.4. Results and discussion
Thresholds, the number of signal Gabors required to correctly
perceive the global-motion direction 79% of the time are shown
in Fig. 2 for the two observers. Error bars indicate one standard er-
ror of the mean. The pattern of results is the same for both observ-
ers. When the motion signal was embedded in the FO Gabors
(Fig. 2, left column), thresholds were the same for the 50 FO
Gabor (50FO) alone and the 50 FO with an additional 50 SO noise
Gabor (50FO/50SO) conditions (two-tailed t-test, t(15.8) = 0.75,
p = 0.46, for CC, t(15.6) = 1.27, p = 0.22, for HD). The thresholds
for the 100 FO Gabor conditions (100FO) were higher (two-tailed
t-test, 100FO and 50FO/50SO, t(9.9) = 3.42, p = .01 for CC;
t(15.4) = 5.17, p < .001 for HD). These results indicate that adding
SO noise had no effect on the extraction of the FO global-motion
signals and supports the notion that there is a distinct FO global-
motion system.
Thresholds for the three conditions in which the motion signal
was carried by SO Gabors are shown in Fig. 2, right column. The
pattern of results is the same for both observers. Thresholds for
the 50 SO Gabors and the 50 SO plus 50 pure-noise FO Gabors
are the same (two-tailed t-test, t(13.7) = 0.41, p = 0.69, for CC;
t(16) = 0.54, p = 0.59, for HD) and lower than the threshold for
100 SO Gabors (two-tailed t-test, 50SO and 100 SO, t(11.1) = 3.99,
p < .01, for CC; t(14.8) = 4.02, p < .01, for HD; 100SO and 50SO/
50FO, t(14.5) = 3.28, p < .01, for CC; t(15.1) = 3.51, p < .01, for HD).
The results indicate that adding FO noise did not affect the extrac-
tion of the SO global-motion signal and so argues strongly against
the possibility of a single global-motion processing pathway pool-
ing both FO and SO local signals. Rather, the results support the

























































Fig. 2. Results for Experiment 1. Left column: motion thresholds when signal was carried by FO Gabors. The pattern of results is the same for both observers. Thresholds for
the conditions containing 50FO Gabor and 50FO/50SO where SO Gabors are all noise is the same and lower than the threshold for 100FO. Right column: motion thresholds
when signal was carried by SO Gabors. Thresholds for the conditions containing 50SO Gabor and 50SO/50FO in which the FO Gabors were all noise was the same and lower
than the threshold for 100 SO Gabors.
356 C.R. Cassanello et al. / Vision Research 51 (2011) 352–361conclusion of Edwards and Badcock (1995) and Badcock and Khuu
(2001) that FO and SO processing remains independent up to and
including the extraction of motion ﬂow.
The present results are also inconsistent with the possibility
that the lack of masking by SO noise on FO signals reﬂects the re-
sponse of a putative common global-motion system that was dri-
ven less strongly by the SO signals than by the FO signals
(Ledgeway, Hess, & McGraw, 2002). If that was the case, then the
masking effect of the FO Gabors in the other mixed condition
(50SO/50FO) would have been much greater than that of the SO
Gabors in the 100SO Gabor condition (Edwards, Badcock, &
Nishida, 1996). However, that was not the case.
The contrast levels selected for the FO and SO Gabors resulted in
roughly similar performance in the pure conditions for subject HD.
For subject CC it was never possible to match performance because
his thresholds for global-motion extraction from FO signals were
very low compared to those for SO at all contrast ratios pilot tested.
Yet the subject did not exhibit cross-masking for any of the con-
trast ratios used in his testing and was able to perform motion
integration with both type of signals, hence indicating that both
FO and SO systems were adequately and selectively driven.
5. Experiment 2: no interaction of FO and SO signals at the
rotational optic-ﬂow level
We repeated Experiment 1 for rotational global-motion stimuli.
For this stimulus the global vector was rotated in space in 16 steps
around the circle and was always pointing in tangential direction
relative to the center of the monitor, either clockwise or counter-
clockwise. The speed of the global vector was kept at 4/s and
was not varied with eccentricity (thus was constant speed but
not consistent with rigid rotation). Signal Gabors were deﬁned by
having their carrier drift in a manner that was IOC consistent withthe direction of the global-vector corresponding to the radial sector
in which the Gabor was located. Even when the continuous circular
symmetry was turned into 16 discrete steps the stimulus gave a
smooth percept of circular motion. There was a percept of sliding
circles, i.e. non-rigidity, because the speed of the global vector
was not varied radially. However, this effect did not disrupt the
stability of the circular motion percept. Note, optic-ﬂow from pat-
terns would typically contain speed variations within them, depen-
dent upon the depth structure in the stimulus (Edwards &
Ibbotson, 2007).
Two observers were tested, one of the authors (CC) and an expe-
rienced observer (JL) naïve to the task. Observers were asked to re-
port whether they perceived the global-motion of the stimulus
being clockwise or counter-clockwise. Subject JL had difﬁculties
achieving a stable performance at the levels of contrast used in
Experiment 1. She also displayed a very high threshold in the
full-density pure and the mixed conditions when the signal was
carried by FO Gabors. Some studies on motion integration suggest
that global-motion extraction can be facilitated using a dynamic
carrier so we tested JL with dynamic carriers (refresh rate 25 Hz)
with contrast levels of 24% for FO and 93% for SO Gabors. This re-
sulted in low and stable thresholds for her showing similar perfor-
mance level in the 50 Gabor pure conditions. Subject CC was also
retested under similar conditions.6. Results and discussion
Fig. 3 shows the thresholds for both subjects. Left panels show
there was no masking of FO signals by SO noise (two-tailed t-test,
t(11.8) = 0.34, p = 0.74, for CC; t(15.8) = 0.24, p = 0.81, for JL) while
additional FO noise elements elevated thresholds (t(10.8) = 4.1,
p < .01, for CC; t(16.8) = 7.52, p < .01, for JL) and between 100FO













































Fig. 3. Results for Experiment 2. Summary results displaying motion thresholds for the equivalent to Experiment 1 using rotational motion. The pattern of results is the same
for both subjects. Left column: thresholds for conditions 50FO and 50FO/50SO are the same while they differ between conditions 50FO and 100FO. Right column: thresholds
for conditions 50SO and 50SO/50FO are the same while they differ between conditions 50SO and 100SO.
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for JL). Right panels indicate there was no masking of SO signals by
FO noise (t(18) = 0.03, p = 0.98, for CC; t(15.2) = 1.52, p = 0.15, for
JL) while additional SO noise elements elevated thresholds
(t(16.4) = 2.94, p < .01, for CC; t(14.6) = 4.05, p < .01, for JL) and be-
tween 100SO and 50SO/50FO (t(16.3) = 2.92, p < .01, for CC;
t(15.2) = 1.52, p < .01, for JL). The results of this experiment show
that the extraction of global rotational ﬂow is similar to the case
of translational motion, in that FO noise Gabors did not mask
extraction of global rotational-motion from SO signals nor did SO
mask FO processing. These results suggest that FO and SO motion
processing remains independent up to and including the levels in
the visual system that processes rotational optic-ﬂow signals.7. Control experiments
The results of the present study indicate that there was no
cross-masking between FO and SO signals in the processing of
(translational) global-motion (Experiment 1) and rotational op-
tic-ﬂow signals (Experiment 2). That is, FO noise did not impair
the extraction of SO signals, nor did SO noise impair the extraction
FO signals. While these ﬁndings are consistent with the notion of
independent FO and SO systems up to and including the level in
the visual system where optic-ﬂow signals are processed (Badcock
& Khuu, 2001; Edwards & Badcock, 1995), there are two-alterna-
tive explanations that do not entail independent FO and SO sys-
tems that should be considered.7.1. Attention/salience based segmentation?
It could be argued that the lack of masking between the FO and
SO motion signals occurred because observers could attentively
segment them into two distinct groups based upon salientdifferences between them (Snowden & Edmunds, 1999) . In other
words, signals would be selectively pooled based upon salient dif-
ferences in the appearance of the FO and SO dots, e.g. arising from
differences in their contrast. Such an explanation seems unlikely
given the results of previous studies that showed that similar num-
bers of dots were not segmented in this manner even when salient
differences existed between them in terms of their contrast magni-
tude (Edwards et al., 1996), contrast polarity (Edwards & Badcock,
1994) and color (Edwards & Badcock, 1996). However, to further
test this possibility with the current stimuli, we reran the experi-
mental conditions using two groups of FO Gabors that differed in
their contrast magnitude. If our interpretation of our data is cor-
rect, then these Gabors should mask one another, given that they
would be processed by the common, FO system and attention-
based segmentation would not be possible because the number
of elements present would overwhelm the selective-attention
mechanism (Pylyshyn & Storm, 1988). We tested observer CC using
contrasts that matched those of the FO and SO stimuli used in
Experiment 1 (14% and 75%, static carrier, 2  2 pixel minimum
pixelation scale). While this contrast combination resulted in clear
differences in the appearance of the two types of Gabors, adding
high contrast (HC) noise Gabors to low contrast (LC) Gabors re-
sulted in a masking effect that was greater than the equivalent
number of low-contrast noise Gabors (see Fig. 4, left panel, two
sided t-test, 50LC and 50LC/50HC, t(12.5) = 5.86, p < .001,). This
ﬁnding is consistent with previous ﬁndings using dot stimuli that
the masking effect of FO motion signals is proportional to their
contrast (Edwards et al., 1996).
Another subject (MM), an experienced observer but otherwise
naïve to the task was tested using dynamic stimuli refreshed at
17 Hz, with contrast ratio of 27%: 92% and 1  1 pixel minimum
pixelation scale. These conditions were selected to roughly match
those used in Experiment 2 for CC and JL, and those of Experiment
1 also run on subject MM under matched perceived speeds used in






















Fig. 4. Salience based segmentation control experiment using contrast matched FO noise: High contrast noise of the same type masks translational global-motion extraction
from FO signals. The contrast of the 50HC FO noise Gabors has been matched to the contrast used for SO Gabors in Experiment 1 for both observers.
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shown in the right panel of Fig. 4. His thresholds showed that when
noise was of the same type there was masking of high contrast
noise on low contrast FO motion signal Gabors (there are no signif-
icant differences between 100LC and 50LC/50HC conditions, two
sided t-test, t(20) = 0.9, p = 0.39).
Both subjects show the same pattern of results. FO noise dis-
played at the same contrast as the SO noise used in the cross-mask-
ing protocol was very effective masking FO motion signals, while
SO noise of that contrast did not produce masking. This data shows
that subjects cannot selectively pool motion signals ignoring addi-
tional noise of the same type based solely on contrast difference or
‘salience’.
7.2. Speed-based segmentation?
The second alternative possibility that we tested for was that
our results were due to the effects of speed tuning. It has been
shown that speed-tuned global-motion systems exist (Edwards
et al., 1998; van Boxtel & Erkelens, 2006). While the global speed
of the FO and SO Gabors was matched at 4/s, the contrasts of
two stimuli were markedly different and it has been shown that
the contrast of the stimulus affects its perceived speed (Blakemore
& Snowden, 1999; Thompson, 1982). It is possible that speed tun-
ing depends upon perceived speed, rather than physical speed, and
so our results could reﬂect the effect of speed tuning within a com-
mon FO–SO system. To test for this possibility, we retested the
experimental conditions using FO and SO Gabors that were
matched for their perceived speeds. Speeds were matched using
a method of constant stimuli and a temporal 2AFC task in which
observers were required to indicate in which interval the stimulus
appeared to move faster. Eight speeds ranging from 0.5 to 4/s in
steps of 0.5/s were used for the FO stimuli and each one was
shown 25 times randomly interleaved with a SO test stimulus
moving with speed ﬁxed at 4/s. The point of subjective equality
was at 2.25/s for the FO stimulus and was similar for the two
observers tested. Subject CC reran the conditions of Experiment 1
after speed matching. A new subject (MM) reran those conditions
with dynamic stimuli (refreshed at 33 Hz, minimum pixelation
scale of 1  1 pixel and contrasts similar to those used in Experi-
ment 2 set at 27% for FO and 92% for SO).
As can be seen from Fig. 5, the pattern of results obtained was
the same as in the original Experiment 1 (Fig. 2) for both observers.
There was still no masking of FO noise in the extraction of global-
motion from SO local signals even when matched speeds were
used. There was no signiﬁcant difference between the thresholdsof conditions 50FO and 50FO/50SO (two sided t-test; t(17.9) =
0.5, p = 0.59, for CC; t(16.6) = 0.2, p = 0.85, for MM) nor between
the thresholds of conditions 50SO and 50SO/50FO (two sided
t-test; t(25.9) = 1.1, p = 0.28, for CC, t(12.7) = 0.9, p = 0.35, for MM),
while a signiﬁcant number of extra signal Gabors were required to
extract global-motion in both pure 100 Gabors conditions. These re-
sults indicate that our original results were not due to the FO and SO
stimuli driving different, speed-tuned channels within a common
FO–SO system.
8. General discussion
The results of the present study show that extraction of transla-
tional as well as circular global-motion direction carried by FO and
SO local signals are processed by independent pathways.
The asymmetry found in previous studies between the threshold
for global-motion extraction from luminance-increment deﬁned
and textured-contrast-increment deﬁned signals was removed
whenwe used the pure FO and SO stimuli constructed in this study.
Therefore, these results support the notion of independent process-
ing of FO and SO signals at least up to the level of global-motion
extraction widely accepted to be performed in areas MT(V5) (trans-
lational) (Britten, Shadlen, Newsome, &Movshon, 1993;Movshon&
Newsome, 1996; Newsome & Pare, 1988), MST (circular motion
and optic-ﬂow) (Morrone et al., 2000) and V3/V3A which also give
responses selective for motion structure (Castelo-Branco et al.,
2002; Koyama et al., 2005).
Consistent with the notion of independent FO and SO motion
pathways, a number of clinical studies have reported dissociable
speciﬁc deﬁcits in FO and SO motion processing (Vaina & Cowey,
1996; Vaina, Cowey, & Kennedy, 1999; Vaina, Makris, Kennedy, &
Cowey, 1998; Vaina, Soloviev, Bienfang, & Cowey, 2000) although
the speciﬁc brain regions supporting this dissociation still requires
further speciﬁcation. While these studies have employed a variety
of FO and SO stimuli they have also commonly tested FO process-
ing using luminance-increment deﬁned dots, a stimulus which is
both FO and SO in nature, when the scale of analysis is the dot-size
rather than the texture element size. The stimuli constructed in the
present study can be useful in characterizing brain areas and path-
ways involved in the processing of FO and SO signals avoiding any
spurious simultaneous activation of both processing pathways.
In an interesting fMRI study involving direction-selective mo-
tion adaptation, Ashida and colleagues (Ashida, Lingnau, Wall, &
Smith, 2007) were able to demonstrate independent adaptation
to luminance-deﬁned and contrast-deﬁned stimuli in human brain
area V5/MT+ (which includes both the homologs of areas MT and












































Fig. 5. Speed matched control experiment: Experiment 1 was rerun in a condition in which the perceived global-motion speeds of FO and SO Gabors have been matched. The
pattern of results is the same for both observers; there is still no cross-masking in the extraction of translational global-motion even when matched speeds were used
indicating that the independent processing of FO and SO signals did not result from having speed-tuned global-motion systems.
C.R. Cassanello et al. / Vision Research 51 (2011) 352–361 359MST of the monkey brain). However, they reported complete lack
of cross-adaptation between the two types of stimuli. They argue
that their results strongly suggest the existence of different neural
populations responsible for detecting luminance- and contrast-de-
ﬁned motion signals. Nevertheless these authors cannot specify the
site of adaptation which may be located earlier than V5/MT+. They
concluded that MT/MST may still be the locus for motion integra-
tion of both kinds of signals.
The global-Gabor stimulus used in the present study has been
speciﬁcally designed to tap the level of the visual system responsi-
ble for global-motion extraction. The local-motion vectors, de-
tected earlier in the system, need to be compared at this later
stage to extract the common set of motions and this has been
shown to occur in V5/MT+ (and perhaps V3A – see Castelo-Branco
et al. (2002) and Koyama et al. (2005)). Therefore testing cross-
adaptation using a global-Gabor stimuli could be useful to ensure
that the site of adaptation is localized in area V5/MT+, thus unveil-
ing whether the neural populations responsible for global-motion
extraction of luminance- and contrast-deﬁned signals remain sep-
arate including this level.
A possible reason for the visual system devoting the neural re-
sources to implement such parallel processing is to improve the
ability to reliably extract motion information of a range of different
stimuli under various viewing conditions. Most moving objects
generate both FO and SO motion signals (Badcock & Derrington,
1985; Lu & Sperling, 1995). Typically they would provide motion
signals that are consistent with one another and so, having two
systems, operating independently of each other and being sensitive
to different aspects of the stimulus, would produce a more robust
system. This would especially be the case under situations where
the FO system would be impaired, e.g. under conditions where
there is a lot of random motion or potential false correspondences
within the FO domain and/or the mean luminance-level changes
(Anstis, 1980; Braddick, 1980), such as when an object moves
through shadows.While we argue for independent FO and SO motion systems up
to and including the optic-ﬂow level, we do not rule out the possi-
bility that they are combined at some later stage, or in the process-
ing of stimuli that tap different systems to those evaluated. Indeed,
the results of a number of studies suggest such a possibility. For
example, in plaid studies, it has been argued that a plaid stimulus
composed of a FO (luminance-deﬁned) and a SO (ﬂicker-deﬁned)
component is perceived to cohere (Stoner & Albright, 1992),
though this ﬁnding has been questioned (Victor & Conte, 1992).
Also, in studies using a stimulus that consists of coordinated oscil-
lations of four line segments (Lorenceau & Shiffrar, 1992; Maruya,
Amano, & Nishida, 2010) it has been shown that when a mix of FO
and SO lines are presented, global-motion direction could be reli-
ably judged, though rigid-body motion was rarely perceived
(Maruya and Nishida (2010), and JoV, in press).
Recent reports (Aaen-Stockdale, Farivar, & Hess, 2010;
Aaen-Stockdale, Ledgeway, Hess, & Troje, 2008) described visibility
dependent and co-operative interactions between ﬁrst- and sec-
ond-order mechanisms in the perception of biological motion
and the processing of structure from motion. These authors gave
evidence for linear summation of FO and SO local-motion signals
suggesting a cue-invariant mechanism in the extraction of struc-
ture from motion. They further argued for integration of FO and
SO local signals in a single combined pathway with higher sensitiv-
ity to FO that can be driven as efﬁciently by SO signals when the
strength of both types of signals are comparable. They suggested
that FO and SO local-motion signals feed into a global-motion sys-
tem that is cue-invariant.
The results we report here, however, are not consistent with
that last suggestion because we did not ﬁnd cross-masking be-
tween ﬁrst- and second-order signals in all experiments we con-
ducted for a variety of reasonable conditions of visibility in
which both types of signals were clearly driving the visual system
effectively and comparably. Instead, our results support the
hypothesis of non-interacting FO and SO processing up to the level
360 C.R. Cassanello et al. / Vision Research 51 (2011) 352–361of global-motion extraction and rotational optic-ﬂow. It is likely
that higher order motion processing such as biological motion per-
ception and extraction of structure frommotion may, in general, be
cue-invariant as the cited research suggested but the integration
level should lie beyond that of global-motion extraction to be able
to account for our masking results. Consequently, identifying the
processing level at which integration of ﬁrst- and second-order sig-
nals takes place is still open to further experimentation.
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